The connectivity of the mesh nodes in a multi-radio wireless mesh network (MR-WMN) 
Introduction
The multi-radio routers in a multi-radio wireless mesh network (MR-WMN) transport data bidirectionally and hop-by-hop over wireless links between the wired Internet entry points and the access networks. Mesh portal nodes form the interface between the wired Internet entry points and the MR-WMN. A principal objective of using multi-radio routers coupled with a smart self-organisation process for assigning channels in the MR-WMN is to increase the overall MR-WMN capacity. This is realised by making the throughput of the links less susceptible to the channel interference as much as possible. Whereas, in case of a single radio mesh network the throughput of the link between each hop progressively decreases due to the co-channel interference [1] . In our earlier work [2] , we have proposed a smart self-organisation algorithm for channel assignment in MR-WMN that is based on a distributed, light-weight, co-operative multi-agent system, which guarantees scalability. Further in [2] , we believe that instead of using a transmit power control (TPC) based approach for topology control as reported in literature [3] a simple way would be to use a non-transmit power control (TPC) strategy.
The term topology control essentially means the way by which links between mesh nodes are createdDepending on the algorithm used, topology control of MR-WMN can lead to a spatial distribution of connectivity between the mesh nodes.
This paper focuses on implementation and the evaluation of our enhanced non-TPC based topology control method, which is then used in combination with our self-organisation algorithm of [2] for channel assignment. We believe, based on an extensive literature survey, such a combined technique of topology control operating along with selforganization to be novel. Our two preliminary mechanisms for topology control that are discussed are based on path length reduction -Link substitution and Link addition. The performance of these mechanisms operating in a MR-WMN for different node densities has been evaluated quantitatively by means of simulation. Another key contribution made in this paper is that we give an overview of our enhanced process for topology control through its implementation in NetLogo multi-agent simulation tool. The enhancement feature of the algorithm is justified through comparative study results of its performance in terms of interference cost reduction (ICR) and path reduction.
This paper is organised as follows: Section 2 presents a 802.11 radio based basic wireless mesh network infrastructure. The relevance of topology control in a WMN is explained in section 3. Preliminary mechanisms for path length reduction to carry out non-TPC based topology control and their performance evaluation result are given in Section 4. Section 5 explains our enhanced process for topology control and shows its performance. Conclusions that can be drawn are given in section 6.
Basic MR-WMN Infrastructure
An underlying 802.11 mesh infrastructure, as shown in Fig. 1 , is proposed to facilitate broadband wireless connectivity to the heterogeneous access networks such as GSM, WiMax, CDMA. Recent work on 802.11 mesh networks, such as [4] , is predicated on a network whose prime purpose is to route traffic to and from nodes connected to the wired network in which case there is assumed to be no traffic between end-user nodes. This introduces the conceptual simplification that mesh nodes can be seen as being grouped into clusters around a wired node where each cluster has a tree-like structure, rooted at a wired node. The root node in the mesh networking terminology is known as the mesh portal as shown in Fig. 1 . Each of the mesh nodes i.e. mesh routers which also has an access point functionality is termed as the mesh access point (MAP). The MAPs in Fig. 1 essentially multi-hop the traffic to and from the access networks and the wired Internet. 
Relevance of Topology Control in WMN
The main motivation for topology control (TC) is to conserve energy, which is a critical resource especially, in case of mobile ad hoc and sensor networks. An extensive literature study [5] conducted in this area shows that TC is done by using tools such as TPC to decrease the energy consumption by the network nodes through a controlled reduction in their transmission power. This in turn limits interference, which thereby decreases the number of collisions and hence retransmissions by the media access (MAC) layer. Apart from power control the replacement of longer links with multiple short links helps to save energy as the energy required to transmit a message increases at least quadratically with distance [6] . However, a possible drawback of the reduction in transmit power (TP) is that it may lead to longer paths composed of a large number of hops, which may increase overall endto-end latency of the packets due to aggregate delayspacketisation, queuing, transmission occurring at each of the hops [7] . Another drawback of TPC strategy is that it affects routing since a transmitter's communication range depends on TP used.
In [8] the authors extend definition of topology control on all configurable parameters of a link. Hence they consider transmission power, bit rate, frequency band/channel and beam direction (if beam forming or directional antennas are used) as constituents of a topology control problem. In addition [8] formulates channel assignment as a "topology control optimisation problem that has a goal of minimizing a network wide measure of interference under the connectivity constraint". In our work on self-organising channel assignment for MR-WMN we have adopted this approach.
We will focus on two most important parameters for TC that are relevant to the problem discussed in this paper -path length and interference.
In the considered MR-WMN the network nodes are static so in this case energy conservation is not an issue but the effect of interference on the network throughput is an important performance factor that needs to be catered for. Other important factors that we focus on in our work are quality and length of the paths that the packets traverse. The length of the path is measured in hops and the probability of a packet reaching destination is dependant on quality of each link (hop) of the path.
It can be inferred from the above discussion that the topology control in MR-WMN leads to a trade-off between network connectivity (in particular multi-hop path length and link quality) and interference reduction.
Preliminary algorithm for path length reduction.
Our preliminary algorithm for path length reduction consists of two separate mechanisms: (i) link substitution and (ii) link addition. It is important to note that both of these mechanisms can be triggered only when the path length to portal nodes is known. Furthermore, these mechanisms rely on node blocking, self-blocking and interference cost (IC) measurement techniques, which are discussed in our earlier work [2] .
The first mechanism enables a node to initiate a link substitution whenever it discovers a free radio interface in the transmission range that can provide a shorter path link. An example is depicted in Fig. 2 where node R4 discovers an available interface on R1 and replaces the link R4-R2 with a link R4-R1 (Fig. 2 B) . This results in a path reduction of one hop for R4's own traffic as well as the aggregate traffic from other node(s), which traverses through R4 (i.e. nodes R7-R10 in Fig. 2 ). This is a preferred mechanism for path reduction as it can be deployed in a way that does not result in an increase of the overall interference. An example is depicted in Fig. 3 where 3 new links are created between the nodes: R6-R1, R7-R3, R8-R6. However, this approach almost always results in an increase of the overall interference and thus care has to be taken that the benefit of path length reduction is not nullified by an increase of interference. For this purpose we use it only in conjunction with interference cost measurements.
We have extensively evaluated the preliminary algorithm for path length reduction. Fig. 4 shows the effectiveness of the (preliminary) link substitution algorithm across: several link densities; distinct numbers of substituted links as well as with and without 10 additional links. It can be inferred from Fig.  4 that as the number of substituted links is increased the percentage of path length reduction also increases. However, depending on network density i.e. router density and the number of substituted links this process reaches a threshold value for the path length reduction. This is seen in case of 35 router density when there are 40 and 50 substituted links and 10 additional links (refer right side of Fig. 4) . Additional links that are created contribute further towards the reduction in path length. This is seen in the middle region of Fig. 4 . (ii) Link addition did result in an increase of interference, which still was not significant enough to diminish the benefits of path length reduction. This was possible when the added links were selected from a pool of potential links by using the criteria of lowest interference cost. Note: A figure to illustrate the amount of interference that resulted from path additions is not shown here due to space limitations.
We confirmed the effectiveness of the algorithm by providing the mean path length (in hops) for various network densities with (blue) and without (red) the link substitution. From Figure 5 it can be deduced that in all cases examined the path length mean is reduced with the link substitution. In addition, we can observe that the variance is also reduced through the link substitution by approximately ½. The 'means' provided are shown within a 98% confidence interval.
It was found that the link substitution process has no effect on IC or effectiveness of IC reduction algorithm. Thus, in section 5, we propose a new path reduction algorithm and show that it facilitates to reduce the interference cost. 
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Enhanced Topology Control
The NetLogo implementation of our enhanced topology control algorithm for MR-WMN system that results in a non-TPC based topology control leverages the functionalities offered by NetLogo tool [9] . Its logic however is independent of any simulations tool. Our enhanced topology control process is composed of two independent algorithms-(i) Portal first and (ii) Path reduction through link substitution. Due to lack of space, we have only given a wider scope of our algorithm rather than describing the details of its operation.
Portal First (PF)
As a matter of fundamental principle in a MR-WMN system the portal nodes are not linked with other portal nodes however each portal node is linked to its neighbouring client node until all its radio interfaces are exhausted. In our algorithm implementation in NetLogo we achieve this by making use of blockFree and blockBusy node attributes. In this algorithm the initialisation process ensures that the portal nodes first form connectivity with their neighbouring client nodes subsequent to which the connectivity is formed in the rest of the MR-WMN. As such, this algorithm is termed portal first (PF).
New Path reduction (PR) algorithm
In our new path reduction (PR) algorithm only link substitution method is used which makes it different from our previous path reduction algorithm in which link substitution is used along with link addition. (Note: Link addition was avoided because as stated earlier in section 4 it resulted in an increase of interference.) Another distinction is that previously we selected only those substituted links that would not increase the interference cost (IC) whereas in the current algorithm we include substituted links irrespective of their effect on the IC.
The basic operations of the algorithm incorporates mechanisms that involve: Selection by the creator (initiator) node of one of its available radio interfaces on the basis of strongest transmission power; the selected interface creates a list of available interfaces in its communication range; from amongst these interfaces the interfaces that have a path length to the portal node longer than the current shortest path are filtered out. The remaining ones are short listed and the available interface from amongst these that offers the best signal to noise plus interference (SNIR) is selected, the new link between the two interfaces is created and the previous shortest path link is switched off and their interface's operational attributes are reset to their default values. This process occurs simultaneously across the MR-WMN system. Note: As the process occurs simultaneously there is less likelihood of an increase in interference in the other links that occurs as a result of selecting an interface with the best SNIR. In the event, interference does increase it will be managed by means of the proactive logic of our interference cost reduction (ICR) algorithm that operates as part of self-organization process, which is explained in [2] . We reiterate that the process described above just gives a gist of operation and does not explain the various decisions that may need to be taken based on specific situations. A more comprehensive operation of the algorithm in terms of the pseudo-code is given below in section 5.2.1.
New link substitution algorithm-Pseudo Code
In the presented pseudo-code use is made of two node attributes -blockBusy and blockFree. When a node is engaged in an activity such as establishing a link or participating in a measurement process the value of the blockBusy parameter is set to be non-zero. This signifies that the node can neither initiate an action nor participate in an action. On the other hand when the blockFree parameter has a non-zero value it signifies that the node can not initiate an action but is free to participate in actions initiated by other nodes. Symbols N a set of all nodes I a set of all interfaces L a set of all links I freea set of free interfaces within communication range i x an available interface n x a node which contains i x i y an available interface n y a node which contains i y . 
Results & Discussion
The key attributes of our simulation model that effectively defined the scenarios were:
• All networks generated occupied an equal size area of 750 X 500 meters.
• Three different densities of routers per sq. unit of area were deployed in a topology: 35, 70 and 100.
• All radio interfaces were static, deployed with omni-directional antennas, based on 802.11g standard.
We present below some of the key results obtained to illustrate the usefulness of our enhanced algorithm. In this regard Fig. 6 shows a graph of interference cost reduction (ICR) vs. network density for the case involving just ICR algorithm [2] and ICR that operates after Path reduction (PR) algorithm has been invoked. This comparative study clearly shows without the invocation of the path reduction algorithm the effect of ICR process results in much higher interference cost (IC). A possible reason for this could be because of an increased choice of interfaces that the creator (initiator) node can use as well as selecting the interface based on the highest SNIR value. Furthermore, as the network density increases the performance of the PR followed by ICR significantly increases whereas just the ICR on its own slightly decreases. This is due to the increase in proximity of the nodes with an increase in node density that creates a higher likelihood for having more shortest paths. Fig. 7 shows a comparison between the degree of IC reduction which is achieved by using (i) PR along with ICR and (ii) PF along with PR and ICR. It can been seen that the reduction in IC is marginally better in case of (i). A possible main reason for this is that in case of PF the availability of interfaces to make a selection is zero because portal nodes need to provide maximum connectivity to the neighbouring client nodes. Whereas in case of PR + ICR there is more availability of interfaces to make a selection from. As such, this manifests itself as a slight increase in the IC reduction. This means that in a MR- It can be seen that the new path length reduction is much more effective at reducing the path length relative to that achieved by PF algorithm. Although PF results in a decrease in path length, PR provides 2-5 times more decrease. Fig. 9 shows a comparison between the percentages of maximum path reduction which is achieved by using (i) PR and (ii) PF algorithms. It can be seen that the percentage reduction of maximum path in a more dense network increases much more for the PR algorithm than for PF. This is again because an increase in network density causes an increase in proximity of the nodes that creates a higher opportunity for PR algorithm to create shortest paths. Whereas, in case of the PF algorithm the emphasis is not on reducing path lengths but on establishing connectivity between portal and neighbouring nodes.
Conclusions
Topology control (TC) process in this paper is employed to alter the connectivity between the mesh nodes of a multi-radio wireless mesh network (MR-WMN) with the chief aim of achieving an Interference cost reduction (ICR). A decrease in the over all ICR leads to an increase of MR-WMN system capacity. This paper proposed a non-transmit power control (TPC) approach for TC that is founded on path reduction technique instead of TPC based methods used in the literature that are relatively more complex. In this regard, an enhanced TC process was put forth and its effectiveness in a MR-WMN system at different network densities was demonstrated. For evaluating this, a performance study of the TC process was conducted in terms of path and interference cost reductions.
